Improved benthic conditions compared to the 1990s were found during benthic investigations, including sediment and benthic macrofauna in the inner Stockholm archipelago during 2008. In the 1990s, these areas were dominated by black and laminated surface sediments and very sparse fauna. A clear relationship was found when comparing sediment status with the benthic macrofauna. Reduced surface sediment and impoverished macroinvertebrate community was only found at one sampling station representing an enclosed part of the inner archipelago, whereas the other seven stations, with depths ranging from 20 to 50 m, had oxidized surface sediments and considerable biomasses of benthic macrofauna (6-65 g m -2 ) dominated by the invading polychaete Marenzelleria neglecta. An extrapolation of the results shows that, within the investigated area, the coverage of reduced surface sediments had decreased from approximately 17% in the late 1990s to 4% in 2008.
INTRODUCTION
Hypoxia threatens many marine ecosystems worldwide (Diaz and Rosenberg 2008) . In the Baltic Sea, eutrophication has for example led to oxygen deficiency with devastating effects on the benthic macrofauna in many coastal areas and larger basins (Schaffner et al. 1992; Bonsdorff et al. 2002; Karlson et al. 2002; Savage et al. 2002; Kotta et al. 2007 ). Rosenberg and Diaz (1993) classified the benthic habitat in the inner Stockholm archipelago, on the coast of northwestern Baltic Proper, in 1991 by taking sedimentsurface and sediment-profile images. Surface sediments with unconsolidated soft black mud and mats of the sulfur bacteria Beggiatoa sp. were seen at most stations between 9 and 50 m water depth. Their results suggested that the benthic habitats of the inner archipelago were threatened by poor oxygen conditions. Jonsson et al. (2003) presented results from seafloor mapping by means of side scan sonar and sediment echo sounder in combination with sediment sampling of cores from different bottom types. Most of the sampling in the inner Stockholm archipelago was undertaken between 1996 and 1998. The results from the Stockholm archipelago as a whole showed a gradually increasing proportion of laminated (varved) sediments from around 1910 up to 1990, thereafter a leveling off in the 1990s. Laminated sediments are suggested to be created when macrobenthic fauna are absent or significantly reduced due to low near-bottom oxygen concentrations (Renberg 1981) .
Stockholm City is situated between Lake Mälaren to the west and the Stockholm archipelago to the east (Fig. 1) . Through River Norrström, Lake Mälaren discharges on average 164 m 3 s -1 of freshwater into the brackish water archipelago (Swedish Meteorological and Hydrological Institute, unpublished flow data 1961-2008) . The inner Stockholm archipelago is a rather enclosed system with rocky islands surrounded by rather deep straits (30-60 m depth), and with only four narrow connections with the outer archipelago. Measurements of water quality and ecological status are regularly performed by Stockholm Vatten (City of Stockholm water supply organization) at a number of stations in the inner, middle, and outer archipelago outside of the city of Stockholm.
In contrast to the rather devastating picture of the situation along the bottoms of the inner archipelago described in previous paragraphs, the City of Stockholm Environmental Monitoring Programme, applying the Benthic Quality Index (Rosenberg et al. 2004) , has shown a gradually improving status in the macroinvertebrate community since the middle of the 1990s (Lännergren et al. 2007 ).
The trend after 1990 also indicates an improvement of oxygen conditions in the water of some but not all parts of the innermost archipelago (Fig. 2) . The figure shows the shallowest depth (m) below which hypoxia (O 2 -concentration \2 mg L -1 ) appeared at any time during each year. Significant decreases (p \ 0.05) in the depth where hypoxia appears at Slussen (close to station A, Fig. 1 ) and in Halvkakssundet (close to station B, Fig. 1 ), whereas no marked changes occurred in the more enclosed Stora Värtan (close to station C, Fig. 1 ).
In the early 1970s before tertiary treatment (phosphorus precipitation) was installed at major sewage treatment plants (STPs) around the city of Stockholm and in the catchment area of Lake Mälaren, the inner archipelago was highly eutrophic with chlorophyll (Chl-a) levels (an indirect measure of phytoplankton production and biomass) frequently exceeding 30 lg L -1 and Secchi depth around 2 m (Lännergren et al. 2009 ). Shortly after reducing the input of phosphorus from municipal sewage water, TP-concentrations dropped and the waters of the inner archipelago became less eutrophic (lower Chl-a levels and higher Secchi depth, Brattberg 1986) . From 1995 and onward the TP-concentrations in the surface waters have been fairly stable although with considerable variations between years and sampling sites. Surface water trends for nitrogen resemble phosphorus trends, but the decrease continues after 1995. This could be due to enhanced nitrogen (ammonia) removal by installing nitrification and denitrification steps in STPs with discharge to the inner Stockholm archipelago during the mid-1990s (Lännergren et al. 2007 ).
The inner Stockholm archipelago is at present, a relatively eutrophic and productive coastal estuary with yearly average concentrations in the surface water of total phosphorus (TP) around 25-40 lg L -1 , total nitrogen (TN) around 500-600 lg L -1 , Chl-a during the production period around 10 lg L -1 , and Secchi depth averaging 4 m (calculated from data presented in 11).
The aim of this study was to investigate whether the signs of improved water quality during recent years seen in the city of Stockholm's environmental monitoring program also were reflected in the sediments of the inner Stockholm archipelago. Analyses of sediments and benthic macrofauna from soft bottoms were compared with results from similar investigations performed in the same area about 10 years ago, and the consistency between the sediment and benthic fauna surveys was evaluated. As a tool to understand the environmental conditions of the inner Stockholm archipelago, we also performed budget calculations to quantify the present and past fluxes of nutrients to, from, and within the area.
MATERIALS AND METHODS
During 2008, a sediment survey with a focus on visual inspection of the lamination/bioturbation pattern and redox status of the surface sediments was conducted in parts of the Stockholm archipelago ). In 2008, also the macroinvertebrate communities of the archipelago were studied through the regular Environmental Monitoring Programme of the City of Stockholm (Lännergren et al. 2009 ). In this article, we have extracted data covering the inner Stockholm archipelago from the above-mentioned studies. Samples from eight stations ( Fig. 1) were utilized. The stations were chosen so that comparisons could be made with previous sediment (Jonsson et al. 2003 ) and benthic macrofauna (Lännergren et al. 2007 ) studies and also to cover an area that could be defined for mass balance calculations. Sediment sampling was conducted in June, September, and December 2008 using the same equipment and technique as in the 1990s (Jonsson et al. 2003) . In the 1990s, most of the samples were taken between May and September. The possible influence of seasonality on the interpretation of sediment core data is addressed in the following discussion section. Sediment samples were taken with a Gemini double corer (inner diameter 80 mm) which allows free water passage through the sample during descent and sediment penetration. Cores were only accepted if the sediment surface was undisturbed. All sampled cores were stored at 4°C until preparation in the laboratory. Before cutting the cores into two longitudinal halves, exposing the vertical structures, each core was put in a freezer for approximately 2 h before extrusion to minimize disturbance of the very loose surficial sediments. This stabilized the outer 2-5 mm of the sediment column, leaving the central parts unfrozen and structures preserved. The section surfaces were examined, described, and photographed (digital format, four mega pixels), and the lamination patterns were recorded. The examination protocols and the photographs of the sediment cores were compared with similar descriptions of sediment cores taken from the same areas in the 1990s (Jonsson et al. 2003) .
Sampling of benthic macrofauna was conducted in May and June 2008. On each sampling occasion, three replicates 0.03 m 2 Ekman or 0.05 m 2 Ponar grab samples were collected at each station. Samples were sieved through a 1-mm sieve and the residues preserved in buffered formaldehyde solution. Macrobenthic organisms were later sorted and identified to species or higher taxa. Biomass was measured as wet weight with shells, after blotting dry. Average values were calculated from the replicates. The macrobenthic assemblage was compared with the equivalent sampling excursion in 1998 (Lännergren et al. 2007) , which also was conducted in the early summer season.
To test whether any statistically significant change in the occurrence of reduced surface sediments or benthic macrofauna took place between the late 1990s and the present survey we assumed that the samples are matched-pairs following the binominal distribution, where surface sediments were either oxidized or reduced and benthic macrofauna either impoverished (biomass \1 g m -2 ) or present (biomass [1 g m -2 ). A null hypothesis was formulated:
Having formulated the null hypothesis, the level of significance for the probability of error was calculated.
To estimate the differences between samples from individual decades we approximated the prevailing binominal distribution with a normal distribution making it possible to calculate approximate confidence intervals through:
We also used a contingency table (Helsel and Hirsch 2002) to test the same changes mentioned above. The test was performed with the Fisher's Exact Test distribution with one degree of freedom.
The null hypothesis for this test was formulated:
To put the results from the surveys of the seabed into perspective we also performed simple budget calculations for the turnover of TP and TN in the inner archipelago for the time periods 1982-1995, representing the period prior to the benthic investigations in late 1990s, respectively, 1996-2007, representing the period prior to the new investigations. The boundaries for the compartment representing the inner archipelago are marked in Fig. 1 . To numerically solve the system of first order, ordinary differential equations describing input, output, and retention of the individual substances the software tool Stella Ò were used. A schematic view of the mass balance model is presented in Fig. 3 .
Initial conditions and driving variables for the budget calculations are summarized in Table 1 .
Morphometric characteristics necessary for the mass balance calculations were calculated from data presented in SMHI (2003) and Jonsson et al. (2003) . Flow data for Lake Mälaren discharge into the system through River Norrström were provided by Swedish Meteorological and Hydrological Institute. The inflow of water from the outer archipelago goes mainly (around 85%) through the sound Oxdjupet (Fig. 1) , but also through the sounds, Kodjupet, Stegesund, Skävsjöholmssundet, and Baggen-Stäket (Engqvist and Andrejev 2003) . The total inflow of water from outside areas to the inner archipelago was calculated through simple mass balance calculations for salt, applying Knudsen's relations (Knudsen 1900) . The idea is to calculate the inflow of saline water from the outer archipelago that is required to maintain the measured salinity in the inner archipelago given the flow of fresh water from Lake Mälaren. Using long-term data on salinity, it was possible to calculate the average inflow to approximately 325 m 3 s -1 . This order of magnitude is close to what Engqvist and Andrejev (2003) found using a fine resolution hydrodynamical model to calculate the water exchange in Stockholm archipelago for the year 1992. The average inflow in that year was calculated to be around 390 m 3 s -1 (Engqvist and Andrejev 2003) .
Nutrient concentrations and transports in River Norrström are monitored in the Swedish national environmental monitoring program, and the records are kept by Swedish University of Agricultural Sciences (Knudsen 1900) . Nutrient concentrations in the inner archipelago, Trälhavet (the basin outside Oxdjupet, Fig. 1 ), and the discharges from the STPs in the city of Stockholm were provided from the Stockholm Vatten database (Christer Lännergren, pers. comm.) . Water characteristics of the inner archipelago were calculated mean values from a number of distributed samplings stations (Lännergren et al. 2007 ). The sill depth in Oxdjupet is 20 m. Lännergren et al. (2007) showed that the inflowing water from Trälhavet through Oxdjupet in most situations originates from 20 to 30 m depth, with some variation. In this study the inflowing water quality was approximated by averaging water characteristics from the water column in Trälhavet between 10 and 40 m.
The inflow of nutrients from Trälhavet (tonnes year -1 ) to the inner archipelago was calculated as the water concentrations (mg m -3 ) in Trälhavet multiplied with the average inflow (m 3 s -1 ) and unit converters. Vice versa the outflow of nutrients from the inner archipelago to Trälhavet was the averaged nutrients concentrations in surface water (0-15 m) from one sampling station in the inner archipelago close to station H multiplied with the total outflow, calculated as the sum of the Lake Mälaren outflow and the water inflow from Trälhavet.
Of the more important fluxes, nutrient transport to and from sediments is the most difficult to assess, mainly due to the fact that reliable measurements are missing. Modelers often treat sediments like a ''black box'' used to explain variations in the water mass that cannot be explained by monitored fluxes. That was the case also in this study, where the retention rate has been scaled (calibrated) to fit empirical data, i.e., the net sedimentation/retention or release rate has been tuned so that observed concentrations in the water column are maintained, assuming that all other fluxes are known. It should, therefore, be observed that the budget calculations must be interpreted with due reservation and only as a tool to compare the magnitude of different fluxes.
RESULTS
Results from investigations of sediments and benthic macrofauna were compared with results from the late 1990s (Table 2 ). In 1996-1998, surface sediments were black indicating reduced conditions due to hypoxia or anoxia at all visited sites in deeper parts of the inner 1982 -1995 and 1996 , respectively Parameter 1982 -1995 1996 Morphometry Area (km 2 ) a 108.6 In 2008, only one of the eight surface sediments was reduced. The apparent improvement is statistically significant at the 0.99 level. Marked changes were for example detected in the deepest parts of Torsbyfjärden Bay (Station G). In 1996, the entire sediment core at 50 m water depth showed clear lamination from the bottom of the core up to around 20 cm from the surface. Above this, diffusely laminated sediment was found. In 2008, the surface sediment (the upper 5-6 cm) from the deepest parts of Torsbyfjärden Bay (Station G) where oxidized without laminated sediment structure indicating bioturbation activities (see further Karlsson et al. 2009 ). A similar pattern was found when comparing the results from benthic macrofauna studies in 1998 and 2008 (Table 2 ). In 1998, benthic macrofauna was absent or at least considerably impoverished (biomass \1 g m -2 ) at all the eight visited deep areas. In 2008, benthic macrofauna was impoverished at only one of the eight stations-the same station where reduced surface sediments were found.
A statistically significant change was determined at the 0.99 level. The biomasses and abundance of benthic macrofauna in 2008 were totally dominated by the invading polychaete Marenzelleria neglecta, which was found at all sampling stations. If neglecting station C (total biomass 0.032 g m -2 ), the biomasses varied between 6 and 65 g m -2 and the abundance between 2300 and 5600 ind. m -2 . At the innermost stations A-B, the crustacean and glacial relict Saduria entomon were also common whereas the bivalve Macoma baltica was found at station E (see further Lännergren et al. 2009 ). Figure 4 illustrates the areal extent of reduced surface sediments based on depth information from nautical sea charts, SMHI (2003), extrapolation of data in Table 2 , Jonsson et al. (2003) and Lännergren et al. (2007) . In 1998, reduced surface sediments covered approximately 14 km 2 , which is equivalent to 17% of the investigated seabed (79 km 2 ) in the inner archipelago. In 2008, this area had decreased to approximately 3 km 2 (4%) of the investigated area. Fig. 4 The areal extent of reduced surface sediments in the inner archipelago in 1998 and 2008 based on interpolation of data presented in Table 2 , Jonsson et al. (2003) , Lännergren et al. (2007) and depth information from nautical sea charts Data from this study, Jonsson et al. (2003) and Lännergren et al. (2007) -, no data; * 20 m water depth; ** 30 m water depth
The fluxes of TP and TN generated from the mass balance calculations for the inner archipelago are summarized in Fig. 5 . When comparing the period 1982-1995 with 1996-2007 , the total inflow of TN to the inner archipelago had decreased around 30% or approximately 4000 tonnes year -1 of which almost 2000 tonnes year -1 emanate from improved wastewater treatment. The total reduction in TP load is approximately 15% or around 80 tonnes year -1 . Also for TP, the largest load reduction is found in the STP discharges. Relatively small reductions in both TP and TN load from Lake Mälaren outflow and water exchange with outer archipelago are also noticeable between the two periods. The sediments appear to function as a sink for both phosphorus and nitrogen. The retention of nitrogen, either through sediment burial or conversion to nitrogen gas through denitrification and/ or anammox, was calculated to approximately 15% of total TN input during both studied periods. For TP, the calculated retention through sediment burial was around 10% of total input during the period 1982-1995 and slightly higher, 13% during the period 1996-2007. Due to this rather low retention of both TN and TP the inner archipelago acts as a net source of nutrients to the outer archipelago, i.e., the export of nutrients is higher than the import.
DISCUSSION
By comparing sediment cores and benthic macrofauna samples, with cores and samples taken in the 1990s, we have shown that clear improvements of the oxygen conditions have occurred in deeper parts of the inner Stockholm archipelago since the late 1990s. Increased oxygen concentrations in the near-bottom water have restored the living conditions for macroscopic organisms in the sediment-water interface over large areas. The results imply that anoxia in the inner archipelago still prevails only at enclosed bays such as, e.g., Stora Värtan (station C). The results are consistent with the observations of increasing concentrations of dissolved oxygen in the deep water presented in Fig. 2 .
In the 1990s, thin (a few mm) oxidized surficial layers sometimes were observed even in otherwise black, reduced sediment cores from the Stockholm archipelago (Jonsson et al. 2003) . The sediment cores from this decade were sampled in late May-September. Also in the present investigation most of the sediment cores were sampled during the summer, although sampling also was performed in November and December. In the bays where substantial improvements were recorded, the thickness of the oxidized layer varied between 5 and 10 cm (see further Karlsson et al. 2009 ), i.e., more than one order of magnitude thicker than what was observed in the 1990s. The oxidized layers in the 1990s represent less than a half year of sediment accumulation whereas in 2008 it represents 5-10 years of accumulation. Therefore, seasonal variations cannot explain the registered improvements.
Recent investigations (October-November 2009) in Stockholm harbor, situated in the innermost part of the Stockholm inner archipelago, confirmed substantially improving oxygen conditions in the sediment/water interface in recent years (Jonsson, in prep.) . Out of 37 dated sediment cores sampled at depths ranging from 14 to 39 m, 36 showed oxidized conditions in the upper 2-13 cm. Only one core, which was sampled some 50 m from the discharge point of Henriksdal STP, had a reduced surficial sediment. The bulk sediment accumulation rate in the upper 10 cm of the sediment columns ranged from 0.6 to 2.4 cm, suggesting that the improved oxic conditions in the deep water started to occur in the early 2000s in the Stockholm harbor.
The recent review by Diaz and Rosenberg (2008) concluded that, from a global perspective, hypoxic zones in coastal oceans have spread exponentially since the 1960s, with serious consequences for ecosystem functioning in many areas. However, the review also gives examples of areas showing signs of recovery from hypoxia similar to what have been found in this study. In the Black Sea, a hypoxic zone expanded during the 1970s and 1980s to cover an area of approximately 40000 km 2 , but after a dramatic decrease in nutrient loading the hypoxic zone was gone in 1995 (Mee 2006) . In the estuary of River Mersey, United Kingdom, oxygen concentrations in water have recently improved significantly as a result of massive mitigating actions against water pollution (Jones 2006) . A similar coincidence between remedy and response was also reported from the Long Island sound of the North American east coast (Parker and O'Reilly 1991) .
The invading polychaete M. neglecta has increased in abundance considerably during the past decade in different parts of the Baltic Sea (Zettler 1996; Cederwall et al. 1999; Laine et al. 2003; Perus and Bonsdorff 2004) . This worm, tolerant to low oxygen levels, forms highly branched burrow networks deeper into to the sediment than most other common Baltic Sea macroinvertebrates (Hietanen et al. 2007) . It is, therefore, possible that the colonization of M. neglecta and its bioturbation activities seen in this study have improved sediment conditions below the sedimentwater interface more than what would have been the case if only native Baltic species had recolonized the area. Moreover, it will also be interesting to follow if the colonization of M. neglecta follows a hysteresis pattern response (Rosenberg and Diaz 1993) and, therefore, will be succeeded by a benthic community composition with less tolerant species reassembling what is found in more pristine Baltic coastal areas as was seen, e.g., in Gullmarsfjord of the Swedish west coast . Persson and Jonsson (2000) suggested that the improving oxygen conditions registered in the outer St. Anna archipelago (approximately 200 km south of the Stockholm archipelago) in the early 1990s were due to the increasingly windy conditions causing water turbulence at greater depths than during calm conditions. Unpublished wind data from SMHI from a station in north-western Baltic Proper shows, however, that the gale frequency during the last decade has been less than any other year that has been recorded since 1969. Another abiotic factor that potentially affects the oxygenation of the deep water in the archipelago is the number of days with ice cover since wind/wave driven mixing of surface and deep water is reduced during periods with ice cover. Unpublished ice data from SMHI covering Trälhavet shows, however, that there is no clear trend toward shorter periods of ice cover during the last decade compared with the previous (see further Karlsson et al. 2009 ).
The levels of Chl-a in the inner archipelago have decreased around 10% when comparing the period 1982-1995 with the period 1996-2007 (Table 1) . This is likely a consequence of the reduction in the nutrient load between these periods (Fig. 5 ). However, Secchi depth has also increased from 3 to 4 m (Table 1) . Therefore, it is not straight forward to conclude that total primary production has decreased proportionally to the decrease in Chl-a concentrations since an increased Secchi depth implies a larger depth of the photic zone. Although algae production in the surface layer has decreased this might be compensated by a stimulated production of macrophytes, benthic algae, and micro algae further down in the water column due to an improved light climate (Håkanson et al. 2004 ). Nevertheless, it is possible that the observed improved oxygen situation in the sedimentwater interface is mainly an effect of the recent reductions in the load of nutrients and oxygen consuming matter (BOD).
Another possible explanation to the observed improvement is that the high historical load of oxygen consuming organic matter that was deposited before modern sewage treatment was installed in the 1970s has been successively mineralized, buried, or resuspended and that there is a lagphase between the response in the sediments compared to the rather fast response that was registered in the water column (Brattberg 1986 ). The total reduction in BOD emissions from STPs (organic matter and ammonia) for the period 1996-2007 was around 10000 tonnes year -1 (Lännergren et al. 2007) . It is interesting to put that number into perspective by comparing with the autochthonous input of carbon through primary production. Applying a general formula (Håkanson et al. 2004 ) relating carbon fixation (g C m -2 day -1 ) to Chl-a levels gives an order of magnitude estimate for the autochthonous input of carbon during the 1970s of 100000 tonnes year -1 of which a substantial amount was likely stored in the sediments.
The budget calculations presented in this study are simplified and crude estimates of the system's nutrient turnover. Still, they provide the magnitudes of different fluxes that can be useful for comparisons. From these calculations, it is clear that the nutrient status of this dynamic estuary is determined from several important fluxes and not only the land-based sources. It should, however, be noted that we have not taken into account one potentially large source for nitrogen, namely, nitrogen fixation by cyanobacteria. This process has been recognized as an important source to the overall input of nitrogen to the Baltic Sea (Wasmund et al. 2005 ), but since the N 2fixing cyanobacterias are rarely seen in the yearly recurrent investigations of the phytoplankton community within the environmental monitoring program of inner Stockholm archipelago (Lännergren et al. 2007 (Lännergren et al. , 2009 we excluded this process. Neither did we consider the atmospheric deposition of phosphorus nor nitrogen, which at least for nitrogen is an important source for the overall input to the Baltic Sea (Håkanson and Bryhn 2008) . However, from the estimates on atmospheric nutrient deposition rates that are at hand (Håkanson and Bryhn 2008) , we concluded that the direct deposition on the sea surface of the inner archipelago is negligible compared to the fluxes generated from the riverine inflow and the water exchange with the adjacent sea. The calculated retention of nutrients within the estuary was relatively small and hence most of the terrestrial input of nutrients is exported to the open Baltic Proper, where they are incorporated in the large-scale biogeochemical cycling of nutrients. This rather low capacity of the Stockholm archipelago and other Baltic coastal areas to act as a filter for allochthonous substances has also been reported for, e.g., chlorinated organic matter (Jonsson et al. 1993; Nilsson et al. 2003) , radioactive cesium (Meili et al. 2000) , and freshwater runoff carbon (Jönsson et al. 2005) .
The calculated retention of phosphorus from the mass balance model of approximately 50 tonnes year -1 can be compared with observations of the sediment chemistry ). From data presented in that study on burial concentrations of P averaging 1 g kg -1 dw and the average dry matter deposition in the inner Stockholm archipelago presented in Jonsson et al. (2003) , the calculated sediment burial using this approach is around 70 tonnes year -1 and hence of the same order of magnitude as seen in the budget calculations. A sediment core that was sampled close to station G (Fig. 1) had extremely high concentrations of iron-bound P (Fe-P) in the surface layer (4 mg kg -1 dw, see further Karlsson et al. 2009) indicating an effective trapping of phosphorus. Fe-P is mostly immobile in oxidized sediments but is typically dissolved in the pore water and released to the water column through diffusion if the sediments turn reduced (Mortimer 1941; Balzer 1984; Koop et al. 1990; Eilola et al. 2009 ). An interesting question is, therefore, what would happen if the system again deteriorated toward less oxic conditions? Would this lead to a massive diffusive flux of phosphates raising the algae production back to levels that was seen in the 1970s? The store of mobile phosphorus (mostly P bound to iron and organic matter) in the sediments of the inner archipelago, which could potentially be released, can, considering data presented in Malmaeus et al. (2009) , be estimated to around 150 tonnes, i.e., 2-3 times more than the yearly sediment burial. In a newly started EU funded project named SEABED, we intend to further elaborate the role of the sediments in the phosphorus dynamics of Baltic archipelago areas.
The inner Stockholm archipelago is an often referred example in discussions regarding the best abatement strategy toward coastal eutrophication and whether nitrogen, phosphorus, or both substances should be controlled (see, e.g., Boesch et al. 2006; Conley et al. 2009 ). Considering our budget calculations, showing the magnitudes of several important fluxes, we advocate that a more detailed substance-flow analysis of the inner Stockholm archipelago, where, e.g., the reduction of nitrogen in effluent discharges is compared with other important nutrient fluxes, would benefit the understanding of which processes that control eutrophication in this system.
To conclude, a clear signal of improved oxygen conditions in the sediment-water interface of the deeper parts of the Stockholm archipelago was found when areas previously studied in the late 1990s were revisited in 2008. Sediments that in the 1990s were laminated showed in 2008 clear signs of bioturbation and the abundance and biomasses of macrobenthic fauna had increased considerably. The question whether the improved oxygen conditions is due to recent reductions in nutrient and organic load and thereby a reduced settling of primary produced and allochthonous organic carbon, a successive removal of historical deposits with origin in the period prior to the installation of modern sewage treatment in the 1970s, bioturbation by the invading M. neglecta or a combination of the three factors remains unanswered. Nutrient budget calculations for the area reveal that the system is controlled by several fluxes of equal order of magnitude whose ecological significance needs to be further elaborated.
